Abstract: In order to recycle the phosphorus in P-bearing converter slag and make it used as slag phosphate fertilizer, the effect of MgO and MnO in P-bearing steelmaking slag on phosphorus existence form, P 2 O 5 solubility and magnetic separation behavior were researched systematically. The results show that the phosphorus in slag is mainly in the form of n2CaO · SiO 2 -3CaO · P 2 O 5 (for short nC 2 S-C 3 P) solid solution in the P-rich phase for CaO-SiO 2 -Fe t O-P 2 O 5 -X (X stands for MgO and MnO, respectively). And the increasing of MgO and MnO content has no influence on precipitation of nC 2 S-C 3 P solid solution in slag, MnO and MgO mainly enter into RO phase and base phase to form MnFe 2 O 4 and MgFe 2 O 4 , which has little effect on the P 2 O 5 content of P-rich phase, so which has little effect on the degree of phosphorus enrichment and phosphorus occurrence form of the P-bearing slag. And adding MgO and MnO into CaOSiO 2 -P 2 O 5 -Fe 2 O 3 slag system can break the complex net structure formed by Si-O on certain degree, and also hinder the precipitation of β-Ca 3 (PO 4 ) 2 crystal with low citric acid solubility during the melting-cooling process. Therefore, adding appropriate MgO and MnO content into slag can improve the slag P 2 O 5 solubility, but the effect of different amounts of MgO and MnO on the P 2 O 5 solubility has little difference. Meanwhile, adding MgO and MnO into slag can improve the metallization of slag and magnetism of iron-rich phase, make the magnetic substances content increase and separation of phosphorus and iron incomplete, so it is adverse to phosphorus resources recovery from P-bearing slag by magnetic separation method. In order to recycle the phosphorus in P-bearing converter slag, the MgO and MnO content in the P-bearing slag should be controlled in the steelmaking process.
Introduction
Proven reserves of high phosphorus iron ore in China are 7.45 billion tonnes and account for over 10% of national iron ore reserves. Currently, due to high phosphorus content in the ore, the ore cannot be fully used. While as the price of high-quality ores increases and with the development of new generation steel-making duplex processes, increased use of high phosphorus ore utilization is inevitable. This will bring a problem of utilization of the high phosphorous slag.
JFE has used low silicon hot metal with 0.1-0.2% phosphorus, blowed CaO and oxygen for dephosphorization and produced the high phosphorus slag by duplex dephosphorization furnace route which can be directly used as phosphate fertilizer [1] . M. Ishikawa in Sumitomo Metal produced the dephosphorization slag by a dephosphorization furnace and then recycled the slag by slag regeneration process to achieve a P 2 O 5 content above 10%, thus the slag can be directly used as slag phosphate fertilizer [2] .
Slag phosphate fertilizer has been used hundreds of years of history. In the country with rich phosphorus containing iron ore such as France, Germany, etc., slag phosphate fertilizer always has big share, accounts for 13-16% of total phosphate fertilizer [3, 4] . However, blast furnace slag and steel slag used as agricultural fertilizer and soil improvement is totally 230,000 tons in China 2010, which accounts for 0.5% of total blast furnace slag and steel slag using amount [5] , so the utilization of steel slag for fertilizer is very low.
It is well known that the slag contains a certain content of MgO and MnO inevitably due to refractory erosion and the presence of manganese oxide in steelmaking processes. Slag phosphate fertilizer cannot be dissolved in water, but can be dissolved in 2% citric acid solution. So the slag phosphate fertilizer belongs to citrate-soluble phosphatic fertilizer [6, 7] , and its fertilizer efficiency is determined by P 2 O 5 content and P 2 O 5 solubility. But P 2 O 5 content and P 2 O 5 solubility of the slag phosphate fertilizer are determined by phosphorus enrichment separation behavior and phosphorus existence form in P-rich phase. Much research has been done on the slag phosphorus existence form [8] [9] [10] [11] and enrichment separation behavior [12] [13] [14] [15] [16] , but the systematic research on the effect of MgO or MnO on resource utilization of P-bearing slag is less, so the influence of MgO or MnO in P-bearing slag on phosphorus existence form, P 2 O 5 solubility and magnetic separation behavior were researched systematically in this paper, which provide the necessary research date for its use as slag phosphate fertilizer.
Research method P-bearing slag thermal experimental
Reagent-grade CaO, SiO 2 , Fe 2 O 3 , P 2 O 5 , MgO and MnCO 3 were used to produce slag; the specific composition of synthetic slag is shown in Table 1 . Figure 1 also shows the composition range of the used slag on the CaO-SiO2-Fe2O3 phase diagram that calculated by FactSage 6.3 for samples X. As shown in Figure 1 , all experimental slag are in the dicalcium silicate (C 2 S) primary zone, C 2 S was precipitated firstly during the cooling process, and so nC 2 S-C 3 P solid solution (mainly Ca 15 (PO 4 ) 2 (SiO 4 ) 6 and Ca 5 (PO 4 ) 2 SiO 4 ) was easily formed. Most of the iron oxide would be in the form of FeO in the steelmaking condition, but Fe 2 O 3 was used as iron oxide in this experiment; the reasons are as follows [17] : (1) The mixed slag (200 g) was placed in a magnesia crucible 60 mm dia Â 100 mm, placed inside a graphite crucible and heated in a MoSi 2 electric resistance furnace up to 1,773 K, and maintained the temperature for 30 min to ensure slag fully melting. Then the slag was cooled to 1,623 K at a cooling rate of 3 K/min, kept at this temperature for 1 h in order to fully promote the precipitation of 3CaO · P 2 O 5 , then cooled to 1,423 K at a cooling rate of 3 K/min, then the furnace was closed and the slag sample was cooled within it (see Figure 2 ). After each experiment the slag was ground (less than 300 mesh (48 μm)), mineralogical phases were determined by X-ray diffraction (XRD) analysis. Diffraction patterns were measured in a 2θ range of 10-90°using copper K α radiation of 40 kV and 30 mA, and the scan speed was 5°/min. P 2 O 5 solubility experiments of P-bearing slag
The quinoline phosphomolybdate gravimetric method provided by national standard GB20412-2006 was used to measure the P 2 O 5 solubility of P-bearing slag. About 10,000 g P-bearing slag was ground to less than 300 meshes (48 μm), and then put in a dry 250 mL volumetric flask. A volume of 150 mL, 301-303 K 2% citric acid solution in the volumetric flask was added and kept the temperature in the range of 301-303 K, and put the volumetric flask on oscillator to shake for 1 h. After adding water in volumetric flask to the tick mark, blended and filtered the solution. Certain sample solution was absorbed into a 500 mL beaker, and 10 mL 1:1 nitric acid solution was added, then water was added in the beaker to dilute to 100 mL. Sample solution was heated to boiling, and after adding 35 mL quimociac, the P 2 O 5 in slag was dissolved in 2% citric acid solution and reacted with quimociac reagents and precipitated as yellow quinoline phosphomolybdate. And the beaker was covered with watch glass. Then heat it again to microboiling to make the sediment layering, and the beaker was taken out to cool to ambient temperature. The glass crucible filter which has been put in a 453 AE 2 K drying oven to dry to constant weight was used to filter, then put the precipitate and glass crucible filter in the 453 AE 2 K drying oven to dry for 45 min. At last, took out it to cool and weigh it. Meanwhile, the blank experimental was also done:
The P 2 O 5 solubility of slag expression is shown in eq. (2) 
Magnetic separation experiments of P-bearing slag
Magnetic separation experiments of the P-bearing slag were done with a DTCXG-ZN50 magnetic separator tube of 50 mm diameter. The swing frequency was 70 times per minute, travelling stroke was 40 mm and the air gap between the magnetic poles was 52 mm. The magnetic separator tube is schematically illustrated in Figure 3 . A 10 g slag sample was put into the solution mixed with alcohol and water. The magnetic field intensity of the separator tube was adjusted to a predetermined intensity, motor actuated to make the tube vibrated. Sample solution was poured into the magnetic separator tube and vibrated with the tube, then magnetic substances attached to the tube wall, and non-magnetic substances flowed into the prepared container outside the tube with the aid of mechanical vibration. The magnetic and non-magnetic substances were dried at 378 K for 12 h, weighed and analyzed.
Experiment results and discussion
The effect of MgO and MnO on phosphorus existence form Thermodynamic analysis of effect of MgO and MnO on phosphorus existence form in P-bearing slag
During slag cooling process, Ca, Si, P and O in the slag were precipitated firstly in the form of nC 2 S · C 3 P solid solution. When the temperature is dropped to about 1,623 K, the generation reaction between the precipitated nC 2 S-C 3 P solid solution and MgO or MnO in slag is as follows: w(MnO),% w(MnO),% Meanwhile, the value of a 2 CaO a SiO 2 is unchanged when MgO or MnO content is increased, and has little effect on Gibbs free energy of reaction (3), which also shows that the increasing of MgO or MnO content has little effect on early precipitation of nC 2 S-C 3 P solid solution.
From eqs (6), (7) and (8) (5) and (7) Table 2 .
According to the above-mentioned description, Ca, Si, P and O in the slag were precipitated firstly in the form of nC2S · C3P solid solution, and MgO or MnO content in slag has little effect on the precipitation of P-bearing solid solution (nC2S-C3P) during the cooling process, and MgO or MnO in slag reacts with Fe2O3 in slag to produce MgFe2O4 or MnFe2O4, and the MgFe2O4 or MnFe2O4 mainly enters into the RO phase and base phase, so the phosphorus content in the phosphorus-rich phase is little changed.
The effect of MgO and MnO on phosphorus existence form in P-bearing slag Figure 6 is scanning electron microscope-back scattered electron (SEM-BSE) image corresponding to Table 2 sample with furnace cooling. Table 2 is the EDS results corresponding to sample compositions in Figure 6 . Figure 7 is the XRD results of different slag.
According to the results, the P-bearing slag mainly contains phosphorus-rich phase, base phase and RO phase. The P 2 O 5 content in base phase is low, and base phase mainly consists of nCaO · SiO 2 , and the RO phase mainly consists of iron oxide or iron and magnesium oxide or iron and manganese oxide.
P2O5 content of the phosphorus-rich phase in A slag is about 20%, the phosphorus in phosphorus-rich phase is mainly in the existence of Ca15(PO4)2(SiO4)6 solid solution and Ca5(PO4)2SiO4 solid solution (in Figure 7) . After adding MgO or MnO into CaO-SiO2-P2O5-Fe2O3 slag, the added MgO or MnO mainly enters into RO phase and base phase to form MnFe2O4 and MgFe2O4, which has little change in the P2O5 content of P-rich phase, the P2O5 content of the P-rich phase is also about 20%, which has little effect on the degree of phosphorus enrichment and phosphorus occurrence form. The effect of MgO and MnO on P 2 O 5 solubility Figure 8 shows the effect of different MgO or MnO content on P 2 O 5 solubility of P-bearing slag, synthetic slag composition is shown in Table 1 . It can be seen from Figure 8 , when adding MgO, or MnO into CaO-SiO 2 -P 2 O 5 -Fe 2 O 3 slag system, the slag P 2 O 5 solubility is generally more than 90%. And adding MgO or MnO into CaO-SiO 2 -P 2 O 5 -Fe 2 O 3 slag system can break the complex net structure formed by Si-O on certain degree, and also can hinder the precipitation of β-Ca 3 (PO 4 ) 2 crystal with low P 2 O 5 solubility during the melting-cooling process [7] . Therefore adding appropriate MgO or MnO content in CaO-SiO 2 -P 2 O 5 -Fe 2 O 3 slag can improve the slag P 2 O 5 solubility.
For A(5% MnO) and A(10% MnO) slag, MnO mainly enters into RO phase which has no effect on phosphorus existence in slag, so which has little effect on P 2 O 5 solubility of the two slags. For A(5% MgO) and A(10% MgO) slag, the principle is the same. So adding appropriate MgO or MnO content in CaO-SiO 2 -P 2 O 5 -Fe 2 O 3 slag can improve the slag P 2 O 5 solubility, while for CaO-SiO 2 -P 2 O 5 -Fe 2 O 3 -X (X represents MgO or MnO) slag system, different amounts of MgO or MnO has little effect on the P 2 O 5 solubility.
The effect of MgO and MnO on magnetic separation of P-bearing slag
The experiment was carried out under magnetic field intensity of 350 mT and particle size of 300 meshes (48 μm). The phosphorus-rich phase is diamagnetism and enters into non-magnetic portion after magnetic separation. The following expressions describe the phosphorus 1 , (%TFe) 2 are, respectively, TFe mass fraction of nonmagnetic and magnetic substances (%); H P is the P 2 O 5 percentage of slag entering into non-magnetic or magnetic substances; H Fe is the TFe percentage from slag enters into non-magnetic or magnetic substances; the phosphorus recovery rate and iron recovery rate are, respectively, P 2 O 5 percentage entering into non-magnetic substances and TFe percentage entering into magnetic substances. Figure 9 shows the proportion of magnetic substances and non-magnetic substances in A slag, A(10% MgO) slag and A(10% MnO) slag. Figure 10 shows the mass fraction of P 2 O 5 in the magnetic and non-magnetic substances of A slag, A(10% MgO) slag and A(10% MnO) slag. As shown in Figures 9 and 10 , the phosphorus recovery rate in non-magnetic substances of A slag is 64.55% after magnetic separation, while the phosphorus recovery rate in non-magnetic substances of A(10% MgO) slag and A(10% MnO) slag is 40.43% and 35.80%, and the phosphorus distribution ratio L P between non-magnetic and magnetic substances is dropped from 2.71 to 0.63 and 0.56, respectively. That is because that MgO or MnO can improve the metallization of slag and magnetism of iron-rich phase, make the magnetic substances content increased and separation of phosphorus and iron is incomplete, thus the phosphorus recovery rate is decreased instead. Therefore, MgO or MnO content in slag has an important influence on the slag magnetic separation, and the MgO or MnO content in slag must be controlled to obtain higher phosphorus recovery rate.
Conclusions
The phosphorus resources recovery and utilization of Pbearing steelmaking slag were researched, and the effect of MgO and MnO on resource utilization of P-bearing slag used as slag phosphate fertilizer was analyzed. The key findings are as follows: (1) The slag contains phosphorus-rich phase, base phase and RO phase. The phosphorus in slag is mainly in the form of nC2S-C3P solid solution in the phosphorus-rich phase. And the added MgO and MnO into slag mainly enters into RO phase, which has no effect on the phosphorus existence form in slag and has little influence on the P2O5 content of P-rich phase. RO phase and base phase, so the phosphorus content in the phosphorus-rich phase is little changed. So MgO or MnO content in slag has little effect on phosphorus enrichment of P-rich phase (3) When adding MgO or MnO into CaO-SiO2-Fe2O3-P2O5 slag system, the slag P2O5 solubility is generally more than 90%. And adding MgO or MnO into CaOSiO2-P2O5-Fe2O3 slag system can break the complex net structure formed by Si-O on certain degree, and also hinders the precipitation of β-Ca3(PO4)2 crystal with low citric acid solubility during the meltingcooling process, so adding appropriate MgO or MnO content in CaO-SiO2-P2O5-Fe2O3 slag can improve the slag P2O5 solubility. While for CaO-SiO2-P2O5-Fe2O3-X (X represents MgO or MnO) slag system, the effect of different amounts of MgO or MnO on the P2O5 solubility has little difference， which is mainly due to MgO or MnO entering into RO phase which has no effect on phosphorus existence in slag. (4) After adding 10% MgO or 10% MnO in A slag, the phosphorus recovery rate in non-magnetic substances is dropped from 64.55% to 40.43% and 35.80%, respectively, and the phosphorus distribution ratio LP between non-magnetic and magnetic substances is dropped from 2.71 to 0.63 and 0.56, respectively. That is due to that MgO or MnO can improve the metallization of slag and magnetism of iron-rich phase, make the magnetic substances content increase and separation of phosphorus and iron incomplete, so it is adverse to phosphorus resources recovery. (5) In order to make the phosphorus enriched effectively in steelmaking slag and separate phosphorus-rich phase from P-bearing slag by magnetic separation, and finally achieve the resource utilization of P-bearing steelmaking slag using as slag phosphate fertilizer, MgO and MnO content in slag should be controlled in steelmaking process.
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